Abstract-
I. INTRODUCTION
Improving efficiency of the terahertz (THz) emitters is a difficult problem while existing THz sources fail to answer the many challenges posed by the rapidlydeveloping THz science and technology [1] . The photoconductive antennas (PCAs) based either on photoswitching [2] or photomixing [3] effects, are the prevalent THz emitters which are widely used in THz spectroscopy and imaging due to the their reliability, cost effectiveness and relative ease of fabrication. Since the first experimental observation of photo switching (photoconductivity) in semiconductors [4] , a rapid progress in the THz PCA technology has been achieved by using novel materials and semiconductor technologies [5, 6] . Nevertheless, enhancement of the optical-to-THz-wave conversion efficiency and development of the THz PCAs operating with low-power optical pumps still remain challenging problems.
Recently, a new approach for boosting the THz PCAs performance using plasmonic or dielectric nanoantenna incorporated into a photoconductive gap has been proposed [7, 8] . In such PCAs, strong confinement of the optical pump excitation at the semiconductor/nanoantenna interface leads to the enhancement of the light matter interaction, and to the improvement of the antenna thermal efficiency [9] . The PCA-emitters and PCA-detectors using different geometries of metal and dielectric nanoantenna's, such as silver nanoislands or arrays of nanoscale apertures [10, 11] , fractal antennas [12] , monopole or dipole plasmonic gratings with either low or high aspect ratios [7, 8, [13] [14] [15] , plasmonic nanocavities based on Bragg reflectors [16] , metal colloidal particles deposited onto the photoconductive substrate [17] , or even all-dielectric gratings [18] , demonstrated an impressive enhancement in performance of PCA.
In this paper, we report a plasmon-assisted THz PCA, which enhances THz pulse generation and operates with low-power optical pumps. The THz wave generation enhancement is due to favorable combination of the high aspect ratio dielectric-embedded plasmonic Au-grating together with a Si3N4-passivation which significantly reduces leakage currents and sustains thermal stability of the PCA and an Al2O3-antireflection and protection coating used to reduce the Fresnel losses of the photoconductive gap and sustain mechanical stability of gratings. For comparison, a conventional PCA was fabricated, and its performance was greatly inferior to the plasmonic PCA.
In the present article we only report experimental demonstration of the PCA's efficiency enhancement when using high aspect-ratio plasmonic gratings, while characterization of antenna's gain and directivity are left for the future works. We also notice that full numerical modeling of the PCA's electromagnetic characteristics is computationally prohibitive due to the multiscale nature of the problem, as such model has to account for the antenna metallization, semiconductor substrate geometry and the shape of a silicon hemispherical lens, as well as cover the broad frequency range of 0.1-4.5 THz.
II. EXPERIMENTS AND RESULTS
Figures 1 (a) and (b) show schematics of the studied plasmon-assisted PCA and the high-aspect-ratio dielectric embedded Au-grating in the PCA's gap, respectively. The PCA features log-spiral Au-electrodes on a semi-insulating GaAs (SI-GaAs) photoconductive substrate. In order to significantly reduce the dark current, the photoconductor was passivated using Si3N4-film where windows for Ti/Au metallization were etched prior to the antenna deposition. The plasmonic grating is comprised of the two physically spaced arrays of Au-nanoridges with rectangular cross-sections placed periodically onto the photoconductive substrate and brought in contact with the corresponding PCA electrodes. Finally, the antenna is covered with an Al2O3-coating, which infiltrates the gaps between the ridges of a plasmonic nanoantenna to ensure its mechanical and thermal stability, while simultaneously serving as an antireflection and protection coating. The PCA is pumped by a femtosecond laser beam focused onto the anode plasmonic grating. (see Figure 1 (b) ).The proposed PCA yields enhancement of THz pulse generation due to strong field enhancement at the interface between a plasmonic grating and a semiconductor material [9] . In order to optimize PCA geometry, we performed numerical simulations using finite-element method of solving the Maxwell's equations by COMSOL Multiphysics [19] .
As an excitation source in our simulations we used a monochromatic plane wave of λ = 0.78 µm incident normally at the PCA. In order to achieve efficient excitation of the plasmonic modes of a metal grating, we use polarization of the incidence plane wave to be transverse with respect to the Au-nanoridges; the scattered field is TM polarized, i.e. magnetic field vector is parallel to the Aunanoridges [7] . We used the semi-infinite SI-GaAs substrate, the nanoridge width w = 100 nm, and the grating period of p = 200 nm, while the plasmonic grating height h and the Al2O3-coating thickness d were varied to achieve an optimal design. The numerical simulations give spatial distributions of the electromagnetic (EM) field intensity I (x,y) in the photoconductor (see Figure 1 (d), (f) ). The numerical electromagnetic simulation was performed using finite-element method of solving the Maxwell's equations by COMSOL Multiphysics. Figure 1 (c) shows the local optical field intensity enhancement factor δopt = |Emax| 2 / |E0| 2 as a function of the Au-nanoridges height h. Here Emax is the maximal local amplitude of the electric field at the shadow side of the plasmonic grating and E0 is the amplitude of the homogeneous electric field formed in the photoconductive substrate without Au-nanoridges. The higher is the value of δopt, the higher will be the absorbed local optical pump intensity, thus contributing to the generation of the electron-hole pairs and, therefore, to the transient photocurrent and to the THz pulse generation [9] . Figure 1 (c) also shows that δopt increases for larger h, which is due to standing wave of the guided transverse electromagnetic (TEM) modes inside of the subwavelength slab waveguides formed by the periodic array of metallic slits. Figure 1 When comparing the presented PCA with other reported plasmonic PCAs (see, for example Refs. [8, 15] ) we see that we use the deepest Ti/Au-grating of height 100 nm, while the depths of gratings used in other works, generally did not exceed 80 nm. Thus, according to our numerical simulations (see Figure 1 c) ), our PCAs provide stronger field enhancements due to operation closer to the optimal resonant grating height.
We studied the optimal thickness of Al2O3-coating, that fills entirely the voids between the Au-nanoridges, and serves as an antireflection coating. This coating ensures effective optical pump coupling into the photoconductor. Figures 1 (e) and (f) show the results of this optimization and the EM intensity distribution I (x,y) for the optimal thickness of the Al2O3-antireflection coating of d = 180 nm, which reduces the Fresnel antireflection to ∼ 5%. Next, we fabricated the optimized plasmonic and conventional THz PCAs. The conventional PCA utilized the same photoconductive substrate, log-spiral Au-electrodes and the Al2O3-coating, but did not have plasmonic gratings. The fabrication technology was similar to that reported in [20] . First, we passivated a surface of SI-GaAs photoconductor by 230 nm Si3N4-dielectric, etched the windows near photoconductive gap to provide antenna/semiconductor contact, then 50/450-nm-thick Ti/Au PCA electrodes were deposited using electron-beam evaporation. The plasmonic gratings were formed by electron-beam lithography with 18/75-nm-thick Ti/Au metallization followed by the lift-off process. Each PCA electrode was equipped with the 10×10 µm 2 plasmonic grating. Figure 2 shows scanning electron microscopy (SEM) image illustrating the PCA structure, as well as the currentvoltage characteristics demonstrating the reduction of the dark current d i in the passivated PCA. As shown in Figures  3 (a) and (b) , the two arrays of Au-nanoridges, attached to the corresponding antenna electrodes, are separated by the 10-µm-wide gap. Finally, the resultant photoconductive antenna was coated with the 180-nm-thick Al2O3-coating using the atomic-layer deposition. Figure 3 (c) shows the SEM image of the PCA cross-section illustrating that the Al2O3-coating penetrated the voids between the Aunanoridges, thus helping to maintain the mechanical stability and to enhance the optical pump coupling into the PCA [15, 21] . As seen from Figure 3 , the geometry of thus fabricated plasmonic gratings corresponds to the one used in numerical modeling (see Figure 1) . To the best of our knowledge, such a high-aspect-ratio of the plasmonic THz PCA electrodes (i.e. h/p = 0.5) is achieved for the first time. Also it is important to notice that the proposed passivation approach excludes mesa etching [22] ; thus, it is suitable for any photoconductive material. To experimentally characterize the fabricated PCAs, we used them as emitters in the THz-time-domain spectroscopy system (THz-TDS) measuring the transient photocurrents i, THz waveforms and THz power spectra PTHz. The THz-TDS is similar to one used in our previous studies [23] . In our experiments, we used the PCA emitter with the bias voltage of U = 30 V and varied the optical pump power in the range of Popt ≈ 0.1 to 10 mW using a set of attenuators. Figure 4 (a) shows the normalized THz power spectra PTHz/Popt for both the plasmonic and conventional PCAs-emitters at high and low powers of the optical pump -Popt = 10 mW and 1.0 mW, respectively. The THz spectra are quite similar for the two plasmon-assisted PCAs, and only weakly dependent on the optical pump power. Figures 4 (c) and (d) show the transient photocurrent enhancement factor δi and the THz power enhancement factor δTHz as a function of the optical pump power Popt, where δi as the ratio of the transient photocurrents extracted from I-V measurements under laser illumination, while δTHz is the ratio of curve squares of the THz power spectra (i.e. emitted energy) for the plasmonic and conventional PCAs. We observed a strong enhancement in both the transient photocurrent and the THz power spectra for the plasmonassisted PCA compared to the conventional PCA. One can see that the measured data revealed reduction in the THz generation enhancement with increasing Popt. Namely, with the increase of the optical pump power, the transient photocurrent enhancement decreases from δi = 10 There could be a number of reasons for the observed reduction in the THz wave generation enhancement at high optical pump powers. First, with increase in the pump power, we could expect broadening of the pump beam caustics formed behind the plasmonic nanoridges, both in the in plane and depth directions, thus, leading to increase in the volume of the photoconductor occupied by the electron-hole plasma. Such expansion of the electron-hole plasma volume could lead to reduction in the efficiency of the THz wave generation due to more pronounced charge screening effects [24, 25] . Moreover enhancement of the electron-hole pairs generation deep in the semiconductor volume reduces the efficiency of the optical-to-THz-wave conversion, since only the photocarriers in a close proximity to the plasmonic grating contribute to the transient photocurrent and to generation of the THz pulse [8] .
III. CONCLUSION In conclusion, we used numerical simulations to optimize the plasmon-assisted PCA design, then fabricated and characterized the optimized plasmon-assisted PCA and confirmed significant enhancement of the THz pulsed generation at low-power optical pumps. The plasmonassisted PCA uses the effect of the optical pump field confinement in the vicinity of the high-aspect-ratio dielectric-embedded Au-grating. According to achieved dynamic range of 70 dB and spectrum bandwidth of 4 THz, the developed plasmonic PCA competes with the wellknown advanced PCAs using optical nanoantennas, optical nanocavities, etc. An impressive 3×10 3 -times enhancement of the THz beam power generation at low-power optical pumps reveals the potential of the plasmonic PCA for operation with low-power lasers.
